Objectives: The combination of ultrasound (US) and magnetic resonance imaging (MRI) may provide a complementary description of the investigated anatomy, together with improved guidance and assessment of image-guided therapies. The aim of the present study was to integrate a clinical setup for simultaneous US and magnetic resonance (MR) acquisition to obtain synchronized monitoring of liver motion. The feasibility of this hybrid imaging and the precision of image fusion were evaluated. Materials and Methods: Ultrasound imaging was achieved using a clinical US scanner modified to be MR compatible, whereas MRI was achieved on 1.5-and 3-T clinical scanners. Multimodal registration was performed between a high-resolution T1 3-dimensional (3D) gradient echo (volume interpolated gradient echo) during breath-hold and a simultaneously acquired 2D US image, or equivalent, retrospective registration of US imaging probe in the coordinate frame of MRI. A preliminary phantom study was followed by 4 healthy volunteer acquisitions, performing simultaneous 4D MRI and 2D US harmonic imaging (F o = 2.2 MHz) under free breathing. Results: No characterized radiofrequency mutual interferences were detected under the tested conditions with commonly used MR sequences in clinical routine, during simultaneous US/MRI acquisition. Accurate spatial matching between the 2D US and the corresponding MRI plane was obtained during breath-hold. In situ fused images were delivered. Our 4D MRI sequence permitted the dynamic reconstruction of the intra-abdominal motion and the calculation of high temporal resolution motion field vectors. Conclusions: This study demonstrates that, truly, simultaneous US/MR dynamic acquisition in the abdomen is achievable using clinical instruments. A potential application is the US/MR hybrid guidance of high-intensity focused US therapy in the liver.
M ultimodal or hybrid imaging systems are successful combinations used in research or clinical routine. They integrate the strengths of 2 imaging modalities and, at the same time, eliminate 1 or more weaknesses of the individual modalities. New opportunities may therefore emerge for improved diagnosis and more accurate therapy monitoring. Several reports have already shown the potential interest and some initial advantages of hybrid imaging systems, including positron emission tomography (PET)Ymagnetic resonance (MR), 1Y3 PETYCT, 4Y8 and ultrasound (US)-MR.
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In particular, the combination between US and MR imaging (MRI) is very attractive because of the clinical applicability of each method and because both are fully noninvasive (ie, nonionizing). These 2 imaging modalities feature different spatial and temporal resolutions and different sensitivities for measuring tissue properties related to morphology. They are mutually complementary, and the expected added value of combining them would be better knowledge of the investigated anatomy 9, 10 or improved assessment of the therapeutic results.
Ultrasound imaging is widely used in clinics for anatomic and functional investigations because it is portable, readily available, and inexpensive and permits the visualization and measurement of blood flow. 14Y18 Ultrasound imaging is free of geometrical distortions, except for the ''thermal lens'' effect caused by the small change in the speed of sound with respect to temperature. 14, 15 It is further considered a valuable tool for intraoperative motion tracking in soft tissue, 19 providing high temporal resolution. Especially for high-intensity focused US (HIFU) applications, US imaging adds value by direct visualization of acoustic obstacles and sonosensitive microbubbles 20 or by its ability to characterize the HIFU thrombolysis. 21 Nevertheless, US imaging cannot currently provide a clinically validated method for thermometry. 17 Conversely, MRI offers a multiplanar view, excellent soft tissue contrast, and a proven method for near real-time thermometry 22, 23 ; these are essential advantages for MR-guided thermal therapies. 24Y26 Motion robust near real-time MR thermometry (ie, reference-free MRT) integrated with high temporal resolution US-based motion tracking would be a near-ideal image guidance environment for HIFU ablation. 27 The technical challenges arising from the mutual interaction of the 2 devices US and MRI (potentially generating static or dynamic artifacts) are not trivial. 9, 10 Ultrasound and MR image coregistration was first reported using separate acquisitions at different times. 9, 28, 29 Sequential imaging increases the total duration of acquisition and does not enable in situ image fusion, making this approach less desirable in clinical practice. Registering offline US and MR images 30Y32 is, in general, difficult because each image contains features that are not necessarily observable in the other modality. For this purpose, different postprocessing techniques were developed. Mercier et al 29 showed a technique (in the context of neurosurgery) that generates a pseudo-US (MR image converted into a pseudo-US image 33 ) from a preoperative MR image that improves the MRI-US rigid registration. A hardware coregistration platform for multimodal US and MRI was developed recently by Chandrana et al. 34 Ideally, US and MR data sets should be obtained simultaneously, for example, no postural change of the patient. The advantage of the truly hybrid acquisition with multiple modalities is that the images can www.investigativeradiology.com 1 be inherently spatially and temporally registered. 9 The use of an electrically shielded commercial US probe in a clinical 1.5-T MR scanner has been published, 10, 35 showing a reduction in electrical interference between the 2 modalities, but this was not completely successful because the transducers were not specifically MR compatible. In addition, an evaluation of the effects of a modified US probe (with backing materials changed for MR compatibility) on MR monitoring, including their use in tissue temperature measurement, was also published. 36 Truly simultaneous US/MRI free of mutual interferences has only recently been reported. Tang et al 10 described a prototype implementation using a PC-based portable US system radiofrequency (RF) and detected minimal periodic RF noise in both modalities. Later, cardiac CINE triggering using an MR-compatible US scanner prototype 12 and an ex vivo study of RF ablation using a clinical standards compliant US scanner 11 were reported in 2010. The aim of the present study was to integrate an MR-compatible clinical US scanner with the 4-dimensional (4D) MRI reconstruction of the intra-abdominal motion 37 to obtain a dual-modality characterization of free-breathing motion patterns in the liver, with the longterm goal of hybrid US/MR guidance of HIFU treatments in the upper abdomen. The accuracy of in situ image fusion was evaluated on phantoms and healthy volunteers.
MATERIALS AND METHODS

US Imaging Inside the Magnet Bore
Ultrasound imaging was achieved using an Acuson clinical US scanner (Antares; Siemens Medical Solutions, Mountain View, CA) equipped with packages for abdominal imaging (real-time image reconstruction and display), B mode, pulse train, low energy, color Doppler mode, and tissue harmonic imaging. Moreover, the system is equipped with contrast pulse sequence imaging. 38, 39 The CH4-1 imaging probe (256 phase array transducer; bandwidth [BW], 1.8Y4.0 MHz; multifocal option) was modified by the manufacturer to avoid magnetic materials, thus ensuring the passive MR compatibility of the probe.
A customized holder for the US probe (Fig. 1A) was produced using the stereo-lithography (electrically insulator resin) to allow an optimal window for the US beam. The US head was rigidly attached centrally inside this holder, allowing an internal free space of 3 to 4 cm from the holder's edge. To prevent noise at the RF detection range of the MR scanner, electromagnetic shielding was required. Therefore, the holder and the transmission line (7-m-long cable) were entirely shielded using cooper and aluminum coating. The transmission line was further coated by a flexible plastic tube (electrically insulator). The US imaging probe is manufactured with an external layer of polymer, making contact between any metal part and the coupling gel not possible. A nonmetalized perimeter of 2-mm thickness was allowed on the frontal holder's edge to avoid electrical contact to the skin (Fig. 1D) , thus ensuring full galvanic isolation to the patient. The transducer cable was passed through the Faraday cage via a waveguide and the electromagnetic (EM) shielding structures were electrically grounded to the cage. The impedance matching at the entry gate of the beam-former was adjusted to compensate for the increased capacitance of the longer transmission line. During experiments, the US imaging probe operated inside the magnet bore, whereas the beam-former, reconstructor, and user interface computer operated outside the magnet room. The MR-compatible US imaging setup was integrated with 1.5-T Espree and 3-T Trio clinical MR scanners (Magnetom; Siemens, Erlangen, Germany).
The US imaging probe was accommodated in a thin plastic bag, specially shaped to match the internal shape of the holder and filled with standard ultrasonic gel, free of air bubbles (Aquasonic, Parker Laboratories, Fairfield, NJ). Careful acoustic coupling was achieved between the plastic bag and the volunteer's skin to avoid acoustic reflections as much as possible. Note that the bag compartment situated in front of the active part of the US probe fulfills multiple roles: (1) ensures acoustic coupling, (2) ensures respiratory motion decoupling, (3) enables a gap between the skin and US imaging probe such that the US probe can lie inside the shield and avoids any risk of residual susceptibility artifact from the probe, and (4) suppresses the risk of electrical contact between the shield of the US probe to the patient skin (a safety issue in the context of MR FIGURE 1. A, The US imaging probe accommodated in a gel-filled bag and its dedicated holder (EM shielded). B, C, The US probe's holder attached using an articulated handler (B) on an MR-compatible orbital ring (C). D, Electromagnetic shield of the US probe: note that the acoustic gel bag (2) is exceeding by 5 to 10 mm the edge (3) of the polymer-based holder and only this bag is in contact with the skin (1) and the shielding sheet of cooper (4) is discontinued approximately 2 mm before the edge. E, Dedicated multielement interventional coil. excitation pulses). Because the operating frequency of the US device is low (e 2.2 MHz), the beam attenuation inside the coupling gel can be considered negligible.
The US probe located inside the shielded holder was attached to an MR-compatible orbital ring using an MR-compatible articulated handler (Fig. 1B) . The orbital ring was positioned directly on the MR bed (Fig. 1C) approximately at the isocenter of the scanner. To facilitate the adjustment of the US probe position in an MR environment, 5 degrees of freedom of the holder was available with this setup: head/feet translation of the orbital ring on the MR bed, circular revolution of the handler following the orbital ring's perimeter, 2 rotations in the articulated handler (Fig. 1C) , and 1 final translation of the shielded holder parallel to the base of the articulated handler, to control the distance from the US imaging probe to the patient's skin. A fixed position of the US imaging probe was achieved (ie, rigid reference frame) despite acoustic coupling with the body of the breathing volunteer.
Study Design
Device cross-compatibility investigation was limited to the scope of this study, without aiming to provide any product approval documentation. Therefore, regulatory compliance of the testing methods (Food and Drug Administration, European Conformity, American Society for Testing and Materials, or other) was not addressed here.
Initial in vitro tests on static gel phantoms were performed on 1.5-and 3-T MR scanners to evaluate the mutual influence of the 2 imaging devices (ie, US and MR) used simultaneously. During MR acquisitions performed with several routine clinical sequences and with a temperature-sensitive (proton resonance frequency shift) gradient echo (GRE)Yecho planar imaging (EPI) sequence (Table 1) , the US device was successively set to the status (a) power off and (b) active (ie, ongoing imaging) and the signal-to-noise ratio (SNR) in the MR images was analyzed. The MR manufacturer's standard quality test for evaluation of active RF interferences due to the operating US probe inside the magnet bore was also performed on the 3-T scanner.
The influence of MR acquisition on simultaneous US imaging was evaluated on gel phantoms with echogenic inclusions by successively recording US images while the MR system was, respectively, paused, performing the automatic shimming within a volume of interest, or running 4D MRI balanced steady state free precession (bSSFP) sequence (see below). Two successive US images acquired for a given status of the MR system were subtracted. Should the standard deviation of their difference depend on the MR system operation, an estimator of the additional electronic noise root mean square was provided. This value was calculated within a region of interest (ROI) including more than 4000 pixels and defined as an angular sector, set at approximately 8 cm radial distance from the US probe.
Phantom studies of image coregistration were conducted on a 2-L volume of gelatin gel, with 3 different spheres (40 mm diameter) embedded inside that gel. The spheres were filled with gelatin gel doped with 0.1 mmol/L Gadovist (Bayer, Zurich, Switzerland). Care was taken to avoid air bubbles trapped inside gels to avoid magnetic susceptibility and acoustic artifacts. The US image fusion through the 3D MR data set was investigated. Moreover, the importance of MR image distortions, if any, was analyzed.
The volunteer study was performed on 1.5-and 3-T MR scanners (see below), to demonstrate the feasibility of this hybrid technology and its applicability for clinical studies. Four healthy volunteers were included in this study, and a written consent agreement was signed before the experiments. Magnetic resonance acquisition was performed using a combination between a standard matrix coil (6 elements) placed under the patient and a dedicated interventional coil (Clinical MR Solutions, Brookfield, WI), with 3 elements (for the 3-T setup; Fig. 1E ) or a standard loop coil placed on top of the patient (for the 1.5-T setup). The central hole of the upper coils permitted the US holder's positioning in contact with the skin.
Simultaneous US/MR Motion Monitoring in Liver Under Free Breathing and Image Postprocessing
After placing the US probe, the first step in the healthy volunteer study consisted of acquiring simultaneously a 2D second harmonic US image (typical depths range, 18Y21 cm; temporal resolution, 15 (Fig. 2) . The US imaging probe itself was not directly visualized in MR images, being screened out by the shield. The resin-made wall of the US applicator's holder was visible as the total signal void region in the 3D MR data set and the external surface of the coupling gel coincided with the internal surface of the additional homemade holder. Therefore, the US holder was manually localized in the 3D MRI volume as a starting point, a rapid online registration of the holder being performed. The localization was helped by a standard segmentation algorithm applied to its front edge, which is sufficient because precise a priori information on the full holder shape is known from its design. This localization allowed us to find a first rough estimate of the US imaging plane, the US probe being rigidly and centrally located inside the holder. An accurate registration between the 2D US and the corresponding plane in the 3D coordinate system of the MRI volume was performed retrospectively. An affine transformation of the US image allowed us to fuse the 2 images, the rigid registration being performed manually, based on anatomical features. Note that, in this study, we did not provide an accurate prospective registration of the US probe in the MRI space but have retrospectively provided the best-matching interpolated plane from the 3D MR data set relative to the US image. The distance scale of the images was guaranteed using US image distance scale displayed automatically by the device and, respectively, MR Digital Imaging and Communications in Medicine (DICOM) header embedded information. The magnitude of the US image spatial gradient was computed to enhance meaningful features (for visual purposes). Ultrasound images were considered as distortion-free ground truth. The geometric distortion in MR images was determined relative to the corresponding US image, taking into account the residual mismatch between fused US/MR images after the best-matching 2D affine transformation was applied. Local mismatch (or, deformation) between US and MR images was calculated by placing point landmarks separately in the 2 modalities and then calculating the local distance between the corresponding points.
In the second step, 4D MRI 37 images were acquired under free breathing simultaneous to second harmonic US imaging (F o = 2.2 MHz). The respiratory 4D organ motion of the liver during several respiratory cycles was captured as previously described. 37 The volume of interest in this acquisition protocol was covered by sagittal 2D slices, henceforth called ''data slices.'' The key concept of this 4D MRI method is to additionally acquire a dedicated so-called navigator slice at a fixed anatomical position between each acquired data slice pair, resulting in an interleaved sequence of data and navigator slices. To generate 3D volumes out of these 2D data slices, retrospective stacking of data slices showing the liver at a similar breathing state is performed. The temporal correspondence of data frames is determined by comparing the embracing navigator frames (that always depict the same anatomical location) acquired immediately before and after the respective data frames in the interleaved sequence. The frame similarity of the navigator slices is determined by template matching, tracking, and comparing the position of 4 ROIs in the navigator frame. Morphological image slices were acquired at 40 different spatial locations with the slice thickness of 4 mm using a bSSFP sequence, which yields high contrast between blood vessels and the surrounding tissue (TE/TR/FA/BW, 1.24 milliseconds/2.98 milliseconds/70-/977 Hz/pixel; at least 80 repetitions). Image matrix was 148 Â 256, with an in-plane resolution of (1.37 Â 1.37) mm. The resultant acquisition time was 184 milliseconds per frame, yielding a temporal resolution of about 3 Hz for image and navigator. The field of view (FOV) was chosen depending on the liver volume, whereas the total imaging time under free breathing ranged from 13 to 20 minutes. The dynamic reconstruction of the intra-abdominal motion was obtained by postprocessing of the MR images according to von Siebenthal et al. 37 Liver deformation during the respiratory cycle can be determined using intensity-based nonrigid registration on these images. Finally, maximum intensity projection (MIP) pseudo-3D transparent images were generated for visualization purpose.
Four-dimensional MRI and 2D US acquisitions started at the same time point (typical 0.1-second time offset), synchronized by means of optical pulses generated by the MR scanner that unfroze the US acquisition. Ultrasound images were exported on-the-fly from the US reconstructor to an external PC using a Video Graphics Array-Universal Serial Bus grabber (native resolution, 1280 Â 1024 exported 1:1 uncompressed, 30 fps).
RESULTS
Systems Compatibility
The passive MR compatibility of the US probe and its handler was found to be very good, both at 1.5 and 3 T. The US probe could be used inside the magnet bore without a susceptibility-artifact penalty if a minimum distance of 3 cm was allowed from the skin. Neither MR image distortion nor B 1 artifacts related to the EM shield on the probe's holder and/or the transmission line could be visually 
T and (B) 3 T (volunteer acquisition).
The gel bag in front of the US imaging probe is indicated by arrows, and its signal permitted the rigid reconstruction of the known shape of the holder (ie, used as a passive MR marker). The US image corresponding to one of the interpolated MR planes is shown for each case. Numbers and drawings show the landmarks jointly visible in US/MR images. detected in the ROI with used MR sequences ( Table 1) . Local B 1 -field disturbances due to the presence of the US imaging device were not measured explicitly in this study.
The MR manufacturer's standard test performed on the 3-T scanner for the evaluation of active RF interferences originating from the US device indicated a minor reduction in the SNR delivered by a 6-element body matrix coil as compared with the standard MR acquisition: j5.3% with a standing-by US device (frozen) and j5.6% with a US imaging device active (US parameters provided in ''Material and Methods'').
The SNR measured in the MR images on phantoms simultaneously to US imaging, with MR sequences commonly used in clinical routine (Table 1) , showed a very limited loss in the SNR (typically 3%Y6%), and no characterized RF mutual interferences were detected (eg, no spikes in the k-space). A minor decrease in the SNR was detected with the temperature-sensitive GRE-EPI sequence typically used for proton resonance frequency shift MRT: 7.3% at 1.5 T and 5.2% at 3 T. No temperature change could be detected in the proximity of the electromagnetic shield of the US imaging probe after 10 minutes of continuous acquisition with that temperaturesensitive sequence (temperature measurement SD per pixel, 0.4-C). A synthesis of other results is shown in Table 1 . Subtracting sequential MR images with US on and off indicated no spatial correlation of the added noise.
Ultrasound imaging was not significantly affected by the ongoing MR acquisition. The US image quality in B-mode, second harmonic imaging, or contrast-agent pulse mode was found to be visually invariable whatever the status of the MR acquisition or the position of the US imaging probe inside/outside the magnet bore. The electronic noise root mean square in the selected ROI in second harmonic US images was increased by 1.5% during the MR shimming stage and by 4.8% during the high specific absorption rate 4D MRI acquisition.
Note that the effective spatial resolution was slightly decreased in the final US images because the imaging probe was not in direct contact with the skin because a 3-cm thick layer of gel was interposed (see ''Material and Methods'').
Overall, we are reporting a stable performance of the hybrid system without any sudden occurrences of accidental US or MR artifacts.
Spatial Registration of the US Probe
In the VIBE T1-weighted (T1w) 3D MRI images, acquired during breath-hold of the volunteer, the unshielded distal tip of the US imaging probe's holder was easily detectable (arrows in Fig. 2 ) via the embedded coupling gel visible as the homogeneous signal region. A section of the 3D MR data set (Fig. 2, second row) is presented along the US imaging plane. Because of the EM shield, the active head of the US probe is not directly visible in the MR images, but the position of the holder's edges could be used as surrogate to indicate the position of the US device. The US imaging plane, which was determined semiautomatically, corresponds to 1 of the MR planes interpolated into the 3D data stack. Different landmarks (eg, vascularization, liver margins or the diaphragm) with the same shape and dimensions could be easily detectable in both types of images.
Image Fusion and Image Distortion
Alignment phantom results are shown in Figure 3 . After spatial registration of the US imaging probe (Fig. 3A) , a fused image is delivered (Fig. 3D) between a 2D section (Fig. 3B) of the 3D MR data set and the US image (Fig. 3C) . Note the accurate correspondence between all the visible landmarks and features in these multimodal images.
Similar results are shown in Figure 4 on a healthy volunteer. The fused image during breath-hold (Fig. 4D ) between the US (Fig. 4C) and its corresponding plane extracted from the MRI volume (Fig. 4B ) was obtained after in-plane affine transformation as described previously. The multimodal registration was evaluated by visual inspection. As visible in Figure 4D , anatomical landmarks such as vessels, skin, and other anatomical layers and the liver edges in correspondence to the diaphragm correspond well, showing an accurate correspondence between the 2 image modalities. Overall, the US/MR in situ image fusion on volunteers indicated no significant distortion in the central region of the MR images. An in-plane spatial mismatch of 1.5 mm between US and MR fused images was found for anatomic structures orientated nearly perpendicular to the imaging plane. Similar results (data not shown) were obtained for US and MR simultaneous acquisition on the 1.5-T MR scanner. The range of variation of the angular orientation for the MR best matching plane to the US imaging plane between the holder segmentation-based calculation and the anatomical landmark refinement was between 0-and 5-.
Simultaneous US/4D MRI Imaging
Figures 5A and B illustrate a native 2D slice from the 4D MRI data at 2 different respiration phases acquired at 3 T simultaneously with the US imaging (Figs. 5C, D) . Note the varying positions of the diaphragm and the high contrast between blood vessels and the surrounding tissue.
The reconstruction of the 4D MRI data to MIP pseudo-3D transparent images is illustrated in Figures 6A and B at 2 different respiration phases. This sequence also permitted the retrospective calculation of temporally (3 Hz) and spatially well-resolved motion field vectors of tissue between different breathing phases using 3D nonrigid image registration between the volumes and extracted for the US imaging plane. Over the 4 volunteer series, the range of the projected vector lengths under free breathing was between 5 and 20 mm. Figure 6C illustrates the motion vectors for 1 respiratory cycle plotted on top of the corresponding US plane. Conversely, a 2D section into the motion vector field can be plotted on the top of a reconstructed section into breath-hold 3D MR corresponding to the US imaging plane (Fig. 6D) . In this particular case, the vector lengths measurements were 4.9 mm (minimum), 20.6 mm (maximum), 10.1 mm (mean), and 9.4 mm (median).
Analyzing the MR and US data sets acquired simultaneously during 10 to 180 free-breathing cycles (approximately 1Y20 minutes time base), a stable correlation was observed between the in-plane organ motion patterns detected with the 2 modalities.
The expected increase in the sensitivity of the bSSFP image to banding artifacts at 3 T versus 1.5 T, due to steep magnetic field changes caused by the presence of the lungs, was confirmed in the hepatic dome. To reduce the banding, the shimming volume was positioned across the organ of interest, and different values of the RF pulse phase were iteratively tested. Although a significant improvement could be obtained from these user-dependent adjustments, in general, it was not possible to completely remove banding from the full volume of the liver.
DISCUSSION
Multimodal imaging is an important trend for present and future clinical applications, supported by the benefit of synergetic information provided by coupled or integrated hybrid systems.
Simultaneous US/MR modality imaging was performed in our study using a technical setup integrating clinical devices. Practically, interference-free acquisition of US and MR (1.5 and 3 T) images was achievable, yielding the same image quality as delivered by each modality independently. Preliminary validation studies performed on static phantoms permitted assessment of the geometric distortion of MR images, the spatial accuracy for the image fusion, the US imaging-induced changes of the SNR in MR images, and, reciprocally, the additional electronic noise added in US images during MR scanner operation.
The external holder offered a material support for the electromagnetic shielding of the US imaging probe and was used as a passive MR marker to determine in first order the orientation of the probe. A better detection of the US probe could have been done with stereoscopic optical markers or with MR active markers.
The in situ US/MR image fusion accuracy in volunteer abdomen was found to be equal to or better than 1.5 mm in-plane, for anatomic structures orientated nearly perpendicular to the US imaging plane (parallax angle close to 90-). This accuracy was decreased for anatomic structures oblique or nearly parallel to the US imaging plane because the US/MR image mismatch caused by a minor deviation in angulation of the US probe was rapidly amplified (inversely proportional to the sinus of the parallax angle).
A comfortable position of the volunteers could be ensured during simultaneous US/MR acquisitions. Because of the free-breathing conditions, long acquisition sessions (up to 20 minutes) were possible.
The 4D reconstruction 37 of the MR data set was performed as described previously, without any adaption owing to the simultaneous US acquisition. Motion patterns were accurately determined. The liver diaphragm and blood vessels were easily identified, and their trajectory during breathing could be followed with both modalities; nevertheless, special care was required to align the US imaging plane so that out-of-plane motion could be minimized.
Ultrasound and MR image fusion results (Fig. 4) confirmed the different sensitivity of the 2 methods in the abdominal region. Ultrasound provided high contrast of tissue interfaces (skin, subcutaneous tissue, liver capsule, diaphragm), whereas MR enabled more accurate visualization of liver vessels. Anatomical landmarks were sufficiently visible in both imaging modalities to enable accurate image fusion.
A challenging issue is the requirement for imaging exactly the same plane with both techniques, for coregistration purposes. 34 The marker-based technique, which usually involves identifying corresponding landmarks in the FOV of both acquisitions, was described by Hong and Hashizume. 42 In our study, a 2-step registration was performed, first using the segmentation of the US probe holder and second refined by using anatomical landmark information. By using simultaneous acquisition, some landmarks are dynamically visible during the acquisition period in US and MR images. This can prevent poorly identified markers from affecting the final matching. The rigid transformation used to obtain the fused image confirms the low level of distortion in the MR images because the US imaging is nearly distortion-free. Further investigations could use US information to correct the geometric distortion of the MR images. Dynamic transferring of information between multimodal US/MR images has been addressed elsewhere. 43 The truly simultaneous US/MR acquisition was investigated here in static phantoms and in volunteers' abdomen under free breathing, but this approach may be advantageous in other clinical procedures as long as the US device is equipped with corresponding software packages, as summarized below.
Proof of principle was reported for hybrid US/MR for improved cardiac imaging under free breathing. 12 Unlike MR navigator techniques, the sequence was not interrupted by competing acquisitions of navigator echoes or other k-space signals.
A particular field of application of this hybrid technology is foreseen to be MR/US hybrid-guided HIFU in moving organs. An important challenge when targeting moving organs is to ensure a complete and safe noninvasive treatment by obtaining effective thermal lesions of oncologic quality while preserving the healthy tissue. Therefore, an appropriate imaging guiding tool is required during HIFU sonication. In general, high frame rate (eg, 25 images per second) information of abdominal motion can be obtained using US harmonic imaging or Doppler mode. The temperature-sensitive MR images 22, 23 are not optimal to track abdominal organ motion because the temporal resolution is traded off over the SNR and the T2* inherent contrast of GRE sequences is low. The ex vivo feasibility of 2D near-real-time (8 Hz) motion-compensated HIFU treatment, integrated with near-harmonic reference-free MRT, 44 was recently reported ex vivo, 27 the motion compensation being achieved based on 2D US data jointly with high-resolution multiplanar proton resonance frequency shift MRT. Advantageously, this approach does not require any underlying predictive model and is compatible with nonperiodic motion.
The simultaneous US/MR hybrid method may be beneficial for guiding local drug delivery using sonosensitive carriers and pulsed HIFU: US imaging may visualize the microbubbles 45 and sonosensitive particles distribution and breakage, whereas MRI visualizes the target tumor and the eventual thermal effects. 22 Among other clinical applications of hybrid US/MRI, it is mentioned that echo Doppler US imaging may be a valuable tool for MR flow imaging calibration in the context of hemodynamic studies, and simultaneous temperature and cavitation monitoring during MRguided RF ablation were reported to be feasible. 
CONCLUSION
We have demonstrated that truly simultaneous acquisition of US and MR images in the abdomen is achievable using clinical instruments (1.5-or 3-T MR scanners and clinical US scanner), delivering hybrid images of standard quality, practically free of mutual interferences, and accurate image fusion. Four-dimensional MRI reconstruction of the liver motion was obtained using the standard approach. The potential field of application of this hybrid technology is foreseen to be broad, especially in interventional MRI, owing to the complementary information that can be obtained.
